Abstract: This article presents the results of numerical calculations of soil consolidation underneath the "Africa Pavilion" structure in Wrocław Zoo, Poland. To determine the deformations of the baseplate of the "Africa Pavilion" and deformations of the subsoil, Biot's consolidation theory for two-phase medium was applied. The calculations were carried out using the professional program FlexPDE v.6, which is based on the Finite Element Method. Numerical calculations performed were used to evaluate the design assumptions allowing for the laying of hydraulic conduits under the slab.
INTRODUCTION
The issue of settlement of foundations is one of the main elements of serviceability of the structure analysis. The size of settlements, their uniformity and variability in time have a significant impact on the conditions that determine the functional requirements of the structure. For this reason, each foundation design should include an analysis of foundation settlement. In geotechnics practice, the most commonly used models to perform such analysis are Terzaghie's consolidation model or Winkler's model. However, in the case of more complex issues, such an approach may not be sufficient. For this reason, Biot's consilidation model [16] is of great interest and it is still being studied and developed, e.g., [1] , [2] , [11] , [12] . Poro-elastic theory may be applied in a great variety of fields, ranging from reservoir engineering to biomechanics [9] . For example, this serves in environmental issues such as groundwater withdrawal and land subsidence, e.g., [15] . In biomechanics, Biot's theory is used to describe the bone deformation under a mechanical load [14] . Nevertheless, the numerical solution to the Biot partial differential equations is difficult and still remains a challenge [9] .
In this paper, the authors present the settlement analysis of the baseplate of the "Africa Pavilion" facility in Wrocław, based on Biot's consolidation theory for a two-phase medium [3] , [4] . The "Africa Pavilion" is the complex (Fig. 1 and Fig. 2 ) containing various environmental ecosystems of Africa. There are 19 swimming pools and reservoirs in total including, among others: coral reefs of the Red Sea, Nile hippos, freshwater fish from Malawi and Tanganyika Lakes, fauna from the jungle surrounding the Congo River like crocodiles and manatees.
For these exotic fauna and flora to exist, it is necessary to supply water and nutrients to the individual ecosystems. This task is achieved by the so-called "lifeline system", i.e., a system of pipes distributed under the foundation slab. There is, therefore, a danger of damage to the system caused by settling "Africa Pavilion" building, a detailed analysis of settlement of the building was thus deemed necessary.
To fulfill the aim, a spatial numerical model of Biot consolidation for two-phase medium was built. This model allows the simulation of mechanical processes in the ground and in the baseplate. An important element of the model is the assumption that both the soil and reinforced concrete are porous media through which water or gas can percolate. The adopted model is linear, both in terms of the theory of elasticity and filtration of water in the porous medium.
GEOLOGICAL AND HYDROGEOLOGICAL CONDITIONS
Eleven boreholes and fourteen cone penetration tests were made in the area of the future construction site. Boreholes and test holes were max. 15 meters deep.
The first layer of the soil consists of heterogeneous material. Its thickness is from 1 to 2.6 m. Deeper down, there are clay and clay with sand, their thicknesses varying between 0.3 and 2.4 m. Below this level one finds clay and in many places, directly underneath heterogeneous material like sand, sand with gravel and gravel with cobble. The bottom of these coarse-grained soils goes down to 10.6-12.0 m below the surface. Clay also occurs in the coarse-grained soils, the thickness of the inclusions ranges between 0.4 and 2.2 m. A further layer of glacial clay is found underneath the coarse-grained soils. The bottom of the last layer was not drilled (the bottom is deeper than 15 meters).
The aquiferous layers are formed from: medium sand, sand with gravel, gravel, and gravel with cobble. As described above, the aquiferous layers are One of the most important issues when calculating deformations of the slab and settlement of the soil around the slab is the choice of an appropriate mathematical description of these processes. In this case, the spatial numerical model of consolidation of a poroelastic medium (Biot's medium) was created. This model allows the simulation of mechanical processes in the slab and in the soil around the slab. The adopted model is linear both in the range of theory of elasticity and in the range of water flow through the porous matrix. The important assumption that water can percolate, not only through soil but also through the slab, was also made.
In order to build the model the following tasks were performed: (a) studies of geology and hydrogeology of the construction site, construction of the slab, loads of the slab, parameters of geotechnical layers of the soils, and already registered slab deformations were performed, (b) a digital terrain model (DTM), containing the slab and construction site together with surrounding area, was created, (c) the mathematical description of the consolidation (Biot model) of soil and deformation of the slab was adopted, (d) the boundary and initial conditions of the problem were formulated, (e) the appropriate script (a mathematical description of the problem in a form accepted by software) for FlexPDE was implemented, (f) numerical calculations for different combinations of boundary conditions were performed; results of displacement of soil and the slab, as well as results of stress state in soil and in the slab, were registered, (g) visualisation of displacements of the slab by introducing the results of numerical calculations to DTM was made, (h) calibration of the numerical model by modification of mechanical parameters and permeability coefficients for geotechnical layers was performed.
MATHEMATICAL MODEL OF BIOT-DARCY CONSOLIDATION
As previously mentioned, the consolidation model of Biot-Darcy was a mathematical model adopted to determine the deformations of the slab and the settlement of the soil. To use this model the following basic assumptions ( [3] , [4] , [13] ) were made: -soil is a two-phase medium; this medium consists of the elastic soil matrix and the compressible viscous liquid in the pores, -porous medium is homogeneous and isotropic, -deformations of soil matrix are small, hence the elements of strain tensor are in the form:
-stress σ ij in the soil matrix is not related to grain surface of soil but to the whole surface dS of porous medium. The relation σ = -fp is valid for liquids; where the hydrostatic pressure of the liquid in the pores of soil is denoted by p, f is the volumetric porosity of the medium, and σ represents the total normal tension applied to the fluid part of the surface dS, -the volumetric porosity of the medium f is a statistical parameter which is supposed to be constant, -to process this description, the Eulerian frame of reference was adopted.
Constitutive equations for consolidation model are in the form originally proposed by Biot ([4] , [5] 
The constants presented in the above equations have the following meaning: -N is the shear modulus of the matrix, -A is the bulk modulus of the matrix when its spaces are filled by liquid, -Q is the coefficient representing the coupling between the volume change of the matrix and the pressure in the liquid, -R is the bulk modulus of the liquid which fills the pores of the medium (matrix spaces),
The constants M and N correspond to the Lame coefficients in the theory of elasticity: λ and μ, E. SAWICKI, T. STRZELECKI 50 respectively [7] . On the basis of [6] , [13] the constants M and N can be expressed as a function of the shear modulus G and Poisson's coefficient υ
Finally the Biot-Darcy set of equations of the linear theory of consolidation where the process can be considered as quasi-static is presented as follows
and k is Darcy's coefficient.
SIMPLIFYING ASSUMPTIONS AND EFFECTIVE PARAMETERS
Due to the short construction time of the "Africa Pavilion" complex, the primary consolidation of the system slab-soil was taken into account. The values of mechanical parameters for geological layers and for the slab, to predict the settlements, were adopted as shown in Table 1 . Biot's constants (N, A, Q, R) were adopted from literature, for example, [8] . Friction angle, cohesion and Darcy's coefficient for geological layers were developed from valid norms and literature, based on simple indexes from in-situ tests. Specific weight was determined from laboratory tests.
Values of Darcy's coefficient for every layer are presented in Table 2 . The different levels of slab foundation and distribution of load were mapped in the calculation process.
DISCRETIZATION AREA, BOUNDARY CONDITIONS AND RESULTS OF NUMERICAL SIMULATIONS
The numerical model used in simulations was built as 3D model. It takes into account the layer of sand with gravel and layer of clay. The different levels of the slab foundation were also included.
The system's foundation slab and soil, implemented in Flex PDE ( [10] ), generated a finite elements mesh consisting of 408,986 nodes, which created 284,347 trihedral elements in space. It corresponds to 1,635,944 unknowns: -three components of the displacement vector, -stress of water σ in the pores of the soil medium.
The image of the slab directly on the construction site and spatial image of numerical model are presented in Fig. 4a and 4b , respectively. The mathematical model allows the calculation of stress and strain state in the ground and in the slab. It also defines the vectorial field of displacement of the slab and of the surrounding soil. The slab was loaded with concentrated forces (pillars) and by distributed forces (walls, soil load, water load). However, forces originating from pillars were assembled in a few groups and imposed as distributed forces of different values. The schema of slab load is presented in Fig. 5 For the purpose of computing, the area of interest was divided into six layers of the seven planes (see Fig. 6 and Fig. 7 The cross-sections through computing layers from west to east A1-A1′ and from south to north B1-B1′ are shown in Fig. 6 and 7 , respectively. Colours assigned to individual layers have the following meaning: -red defines the sand with gravel above of the groundwater surface, -green defines the sand with gravel in the saturation zone, -pink defines the layer of clay, -blue defines the foundation slab.
Moreover, in the whole domain, the following initial boundary conditions were adopted: -the displacements: u, v, w of porous medium along the axes: x, y, z, respectively, were equal to zero,
-the water pressure in the pores σ was equal to the hydrostatic pressure. Additionally at the reference level (surface 7; Figs. 6 and 7) the displacements: u, v, w were fixed and equal to zero. Similarly at the external "side wall" of the domain the displacements along the axes: x, y were fixed and equal to zero, too.
Stress state in the soil and in the slab
Calculation results provide the full stress tensor. However, the main diagonal of stress tensor and variation of its components in the soil and in the slab are important in this analysis.
Stress ranges in both cross-sections are of the same order of magnitude. As we can see from the charts, significant changes occur in the slab. Now, when the normal components of the stress tensor are known, it is possible to verify soil stability. To this purpose, the plastic potential was calculated using Drucker-Prager criteria. The outcomes show that in the soil, in the whole domain of interest, the plastic potential does not change the sign. This means that soil remains in the range of elastic behaviour. It can, therefore, be considered that the adoption of the elastic model of soil (Biot's model) is correct and that a term representing plastic behavior of soil is not required. In Fig. 8 , the plot of plastic potential in the cross-section B1-B1′ is presented.
To calculate the values of plastic potential, according to the Drucker-Prager criterion, the following formula was used 
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As we can observe in Fig. 8 , the plastic potential in the existing state of stress does not change the sign. Hence, we can conclude that the process of plastic deformation of the ground and baseplate is not present in the study area.
Zero value for the whole soil in Fig. 8 is due to scale selection. 
Settlement of the slab with soil and vectorial field of displacements
In Fig. 9 , the isolines of vertical displacements of the top surface of the area are presented.
The maximum value of settlement is equal to 1 cm. As we can observe, there is a large variability of settlements depending on location point.
The spatial image of settlements of the foundation slab together with soil shown in Fig. 10 looks quite interesting. In this case, the vertical dimension (settlements) is about 1000 times greater than horizontal dimension (ratio 1000:1).
In Fig. 11 , the vectorial field of horizontal (in plane x, y) displacements at the top of foundation slab is presented. The values of horizontal displacements are very small. The maximum value is equal to 0.626 mm.
The vectorial field of vertical displacements for cross-sections A1-A1′ and B1-B1′ is shown in Figs. 12 and 13, respectively. Separately, in Fig. 14 and Fig. 15 , the settlements of the system soil-slab in the cross-sections A1-A1′ and B1-B1′ are presented, respectively.
These two last graphs show the significant variability of settlements which was already noted in the description of Fig. 9 and Fig. 10 . Finally, we can follow the settlements of the system soil-slab as a function of time. To this purpose, the three points (two in the middle and one on the left) of the top surface of the slab were chosen. The settlements at these points, as a time function, are presented in Fig. 16 . 
SUMMARY AND CONCLUSIONS
In this work, the theoretical background of the consolidation model of Biot-Darcy has been presented. In its general form, this model takes into ac-count the movement of the liquid phase and the movement of solid phase (solid matrix) of a settling medium. It allows the determination of the stresses and strains, as well as settlements, for a threedimensional case.
In this paper, the authors have presented the application of this model in engineering practice. The case of a slab on a layered soil foundation, composed of sand with gravel and clay, was analyzed. The evolution of stresses σ xx , σ yy , σ zz in the slab and in the surrounding ground was determined under the assumption that the settlement process is quasi-static.
Next, an analysis of plastic potential using the Drucker-Prager criterion was conducted. The results indicate that there is no sign change of the potential yield. Therefore, there will be no plasticized zones. These results also confirm that the adoption of the mathematical model based on a linear stress-strain in this case is acceptable.
The distribution of horizontal displacements and settlement of the ground-slab system are illustrated in the corresponding cross-sections. In the latter case, the spatial image of the settlements of the baseplate is also presented. The diagrams show significant settlement differences at different points of the slab. This information may be very important if underground utilities are placed under the slab. Hence, the distribution of pipes of "lifeline" systems under the foundation seems a risky solution, which may threaten their sustainability. In contrast, the horizontal displacements of the slab are very small (to the order of 0.626 mm).
The Biot-Darcy model also enables one to present the system displacement as a function of time, as illustrated by the corresponding example. The presented solution indicates that the use of a threedimensional model of consolidation in complex engineering problems is possible and provides additional benefits.
